Leucokinins are insect neuropeptides that stimulate hindgut motility and renal fluid secretion. Drosophila has a single leucokinin gene, pp, encoding the longest known leucokinin, Drosokinin. To identify its receptor, a genome-wide scan for G-protein-coupled receptors was performed in silico and candidate receptors identified by similarity to known tachykinin receptors. The deduced peptides were expressed, with a transgene for the calcium reporter aequorin, in S2 cells and only one gene (CG10626) encoded a protein that responded to Drosokinin. The properties of the heterologously expressed receptor (action through intracellular calcium with an EC 50 of 4 ؋ 10 ؊11 M and a t1 ⁄2 <1 s) match closely those reported for the action of Drosokinin on Malpighian (renal) tubules. Antibodies raised against the receptor identified known sites of leucokinin action: stellate cells of the Malpighian tubule, two triplets of cells in the pars intercerebralis of the adult central nervous system, and additional cells in larval central nervous system. Western blots and reverse transcription-PCR confirmed these locations, but also identified expression in male and female gonads. These tissues also displayed elevated calcium in response to Drosokinin, demonstrating novel roles for leucokinin. A functional genomic approach has thus yielded the first complete characterization of a leucokinin receptor in an insect.
Leucokinins are insect neuropeptides that stimulate hindgut motility and renal fluid secretion. Drosophila has a single leucokinin gene, pp, encoding the longest known leucokinin, Drosokinin. To identify its receptor, a genome-wide scan for G-protein-coupled receptors was performed in silico and candidate receptors identified by similarity to known tachykinin receptors. The deduced peptides were expressed, with a transgene for the calcium reporter aequorin, in S2 cells and only one gene (CG10626) encoded a protein that responded to Drosokinin. The properties of the heterologously expressed receptor (action through intracellular calcium with an EC 50 of 4 ؋ 10 ؊11 M and a t1 ⁄2 <1 s) match closely those reported for the action of Drosokinin on Malpighian (renal) tubules. Antibodies raised against the receptor identified known sites of leucokinin action: stellate cells of the Malpighian tubule, two triplets of cells in the pars intercerebralis of the adult central nervous system, and additional cells in larval central nervous system. Western blots and reverse transcription-PCR confirmed these locations, but also identified expression in male and female gonads. These tissues also displayed elevated calcium in response to Drosokinin, demonstrating novel roles for leucokinin. A functional genomic approach has thus yielded the first complete characterization of a leucokinin receptor in an insect.
The completion of genome projects, such as that of Drosophila melanogaster (1) , has given a unique opportunity to screen in silico for entire gene families. We have used this approach to identify a neuropeptide receptor implicated in renal function via a systematic scan of the G-protein-coupled receptor (GPCR) 1 superfamily. The production of primary urine in the Malpighian tubules of insects is driven by the action of diuretic factors. The ability of these hormones and their receptors to regulate fluid and ion secretion make them attractive targets for novel insect control approaches. The insect myokinins, known as leucokinins, are one such group of neuropeptides. They were first isolated from the cockroach Leucophaea maderae as a family of small peptides that stimulated hindgut motility (2) (3) (4) (5) (6) . They are now known to be present in many other insect species as well as parasitic nematodes, crustaceans, and molluscs (7) (8) (9) (10) (11) (12) (13) (14) (15) (Table I ). The leucokinins vary from 6 to 15 amino acids in length and are characterized by a C-terminal pentapeptide motif (FXXWG-amide) essential for biological activity.
In Drosophila it has been shown that leucokinins act to stimulate fluid secretion by raising the chloride shunt conductance (16) , not via cyclic nucleotide signaling but via an increase in intracellular calcium levels (7, 17) . Furthermore this increase occurs only in the smaller secondary stellate cells (7) . No leucokinin receptors have been identified in insects, although a receptor for a distantly related peptide, that shares a FxSWxamide motif with Drosokinin, has been cloned from the pond snail Lymnaea stagnalis, and was found to be a member of the GPCR superfamily (15) . A further leucokinin-like receptor has been cloned in the cattle tick Boophilus microplus, and this also displays the seven-transmembrane domain structure characteristic of GPCRs (18) . Although a Drosophila gene has been identified as being similar to the lymnokinin receptor in silico (18, 19) , no functional evidence for its identification as a leucokinin receptor is available nor is the similarity between Drosophila and Lymnaea leucokinins compelling (Table I) . Accordingly, in this paper, we used a genome-wide scan to identify the clade of GPCRs that were most similar to receptors for tachykinins, including the lymnokinin receptor, and to assay them all systematically for activity. From this group a single gene, CG10626, was shown to encode a functional leucokinin receptor, with functional properties consistent with those observed in intact renal tubules and expression patterns that map closely to those predicted for such a receptor. This is the first functionally characterized example of an insect leucokinin receptor gene.
MATERIALS AND METHODS

Fly Rearing
Oregon R (wild-type) flies were reared in vials or bottles on standard Drosophila cornmeal yeast agar medium at 23°C in a 12 h light:12 h dark cycle. Flies transgenic for the aequorin transgene, under control of the UAS promoter (UAS-aeq) enhancer trap line that directs GAL4 expression to secondary stellate cells (c710) and a heat-shock/GAL4 construct (hsGAL4), were those described previously (7, 20, 21) .
Data Mining
The Berkley Drosophila Genome Project data base (www.fruitfly.org) was searched with representative GPCR protein sequences and putative Drosophila GPCRs translated to protein sequences and used to verify the automated translations provided by the genome project, where available. Dendrograms were created in Clustal X (22) using amino acid sequences and visualized using TreeView (23) . Sequence alignments, hydrophobicity, transmembrane, and antigenicity plots were created in MacVector (Accelrys). The web-based programs Tmpred (24) , TMHMM (25) , SOSUI (26) , PredictProtein (27) , and HMMTOP (28) were also used for transmembrane prediction. The cis-analyst search tool at the Berkley Drosophila Genome Project web site was used to identify clustered transcription factor binding sites (29) .
Genomic DNA Preparation
30 Oregon R flies were frozen in liquid N 2 , then homogenized in 200 l of buffer (100 mM Tris-HCl, pH 7.5, 100 mM EDTA, 100 mM NaCl, 0.5% w/v SDS). A further 200 l of buffer was added, then incubated at 65°C for 30 min. 800 l of 1.4 M Kac, 4.3 M LiCl was added and incubated on ice for 10 min, followed by centrifugation at 13,000 rpm. 1 ml of supernatant was transferred to a clean tube avoiding debris, and 600 l of isopropyl alcohol added. This was mixed and spun for 15 min at 13,000 rpm. Supernatant was aspirated off and washed with 70% ethanol, spun again for 5 min, and the DNA pellet dried. The pellet was resuspended in 150 l of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0), and 1 l was used as template in PCR reactions.
RT-PCR
Tissue-specific poly(A) ϩ RNA was extracted (Dynal mRNA DIRECT kit) and reverse-transcribed with Superscript Plus (Invitrogen) as described previously (30) . In the case of developmental stages, 5 g of poly(A) ϩ RNA was reverse-transcribed directly with Superscript Plus using an oligo(dT) primer. 1 l of the reverse transcription reaction was used as template for each PCR reaction; intron-spanning gene-specific primers were used for the amplification of cDNA or genomic DNA template. Forward primers (CATCGTCTGGTTTTGCTGCG) and backward primers (CCATTGACATTGTTGTTCTGCCC) were expected to generate a product of 360 bp with cDNA templates and 1 693 bp with genomic DNA template. Primers were used at 2.5 M in a final volume of 25 l, using the following cycle conditions: 94°C for 3 min, 35 cycles of 94°C for 30 s, 56°C for 15 s, 72°C for 30 s, and 72°C for 5 min.
Expression Constructs
Primers were designed for each candidate receptor to allow amplification from the start to the stop codons of each ORF. Forward primers were designed to include a 5Ј Kozak translational initiation sequence (G/ANNATGG; Ref. 44) . Amplification was carried out with EXPAND High Fidelity Polymerase (Roche Molecular Biochemicals) according to manufacturer's instructions. For amplification of the CG10626 ORF, forward (GACATGGACTTAATCGAGCAGGAG) and reverse (TTA-AAGTGGTTGCCACAAGGAC) primers were used to generate a fragment of 1626 bp. Oregon R cDNA was used as template. For amplification of apo-aequorin ORF, forward (GCAAACATGACAAGCAAACA-ATAC) and reverse (TTAGGGGACAGCTCCACCGTAGAG) primers were used to generate a fragment of 597 bp. Genomic DNA from aequorin expressing flies (31) was used as template. PCR products were purified by gel extraction and directly cloned into the pMT-V5/His TOPO TA-inducible expression vector (Invitrogen). Constructs were verified by restriction enzyme digestion and automated sequencing.
S2 Cell Culture
S2 cells were maintained in DES medium (Invitrogen) supplemented with 10% heat-inactivated fetal calf serum (Invitrogen). Cells were grown in suspension at 23°C at an initial density of 2-4 ϫ 10 6 cells/ml. S2 cells were transiently transfected at a density of 1 ϫ 10 6 cells/ml using a calcium phosphate transfection kit (Invitrogen); procedures were carried out according to the manufacturer's instructions. Cells were co-transfected with 10 g of pMT-aeq (an expression vector containing an inducible apo-aequorin gene) and 10 g of the relevant receptor expression construct. Cells were used 24 h post-induction.
Real-time Luminescent Measurements of Intracellular Calcium Using Aequorin
Aequorin is widely used as a transgenic reporter for calcium (32) and in Drosophila can be directed to specific cells using the GAL4/UAS binary reporter system (20) . It has previously been used in the Drosophila tubule to show that the neuropeptide CAP 2b acts to raise Ca 2ϩ in only principal cells (20) and leucokinin only in stellate cells (7, 16, 20) .
S2 Cells
Transiently transfected S2 cells were harvested and incubated with 2.5 M coelenterazine (Molecular Probes) in the dark at room temperature for 1 h. 25,000 cells were used per sample tube in DES medium supplemented with 10% fetal calf serum. The neuropeptides Drosokinin (NSVVLGKKQRFHSWGamide) (7) and CAP 2b (pyro-ELYAFPRVamide) (17) were synthesized by Research Genetics. Peptide agonists were diluted to working concentration in DES medium/fetal calf serum. Peptide was injected into each sample and the responses measured over a period of 4 min. At the end of each experiment the total luminescence of each sample was assessed by injecting 100 mM Ca 2ϩ , 1% Triton X-100 to permeabilize cells and so to discharge the remaining aequorin. Measurements were carried out with a Berthold-Wallac luminometer. Calcium concentrations were calculated as described previously (20) by reverse integration with a program written in Perl and data analyzed using Excel (Microsoft) and Cricket Graph.
Intact Tissue
Experiments were carried out as described previously (7, 16, 20) . Tissues were dissected from adult (3-10 days old) flies or, in the case of larval central nervous system, from 3 rd instar larvae. Tubules were dissected from c710 UAS-aeq flies. For other tissues, specific GAL4 driver lines were not available, and so aequorin was ubiquitously expressed under heat-shock control. Hindgut and larval central nervous system were dissected from hsGAL4 UAS-aeq flies/larvae that had been previously heat-shocked twice at 36°C for 30 min at 24-h intervals. Either 80 tubules, 20 hindguts, or 10 larval central nervous systems were used per sample and incubated in Schneider's medium (Invitrogen) containing 2.5 M co-elenterazine for 3 h. Drosokinin was diluted in Schneider's medium such that the final applied concentration was 10 Ϫ7 M. At the end of the experiment the total luminescence of each sample was assessed by injecting 100 mM Ca 2ϩ , 1% Triton X-100. Measurements were carried out with a Berthold-Wallac luminometer and calcium concentrations calculated as above.
Peptide Antibody Production
The putative CG10626 amino acid sequence was scanned for highly antigenic regions and a 14-amino acid segment identified (GIYNGSS-GQNNNVN) contained within the C terminus of the protein sequence. This showed no significant similarity to any other Drosophila sequences in the genome. An anti-peptide antibody was generated in rabbit by Genosphere Biotechnologies (Paris, France).
Whole Mount Immunocytochemistry
(i) Intact Malpighian Tubules-Whole tubules were fixed, permeabilized, and stained as described previously (36) . Rabbit polyclonal anti-CG10626 peptide antibody (see above) was used diluted 1:1000. Secondary antibody used was donkey fluorescein-labeled anti-rabbit IgG (Diagnostics Scotland), used at 1:250 dilution.
(ii) S2 Cells-Coverslips were coated with poly-L-lysine solution (100 g/ml) for 30 min, washed with water, and allowed to dry. S2 cells were added at a density of 6 ϫ 10 6 cells/ml and left for 15 min to allow cells to settle and adhere. Excess solution was removed and the coverslips washed twice in PBS. Cells were fixed by the addition of methanol (Ϫ20°C) and incubated for 4 min at Ϫ20°C. Cells were washed three times in PBS and blocked in PBS/0.2% (w/v) BSA for 5 min. Cells were incubated for 25 min with rabbit polyclonal anti-CG10626 peptide antibody diluted 1:1000 in PBS/BSA. They were then washed three times in PBS/BSA and incubated for 25 min with donkey fluorescein-labeled anti-rabbit IgG antibody diluted 1:400 in PBS/BSA. This was followed by three PBS/BSA washes and three final 5-min washes in PBS alone. Coverslips were then mounted on slides using Vectashield mounting medium (Vector) and a coverslip sealed on with glycerol-gelatin (Sigma). Slides were viewed by epifluorescence, using a fluorescein filter set.
(iii) Larval and Adult Central Nervous System-Adult or larval central nervous system was dissected and fixed in 8% paraformaldehyde for 20 min (adult) or 2 h (larval) at room temperature. They were washed six times in washing buffer (0.15 M sodium phosphate, 0.1% w/v sodium azide, 0.5% v/v Triton X-100, pH 7.4), followed by blocking in blocking buffer (washing buffer, 10% v/v goat serum) for 2 h. Samples were incubated overnight at 4°C with rabbit polyclonal anti-CG10626 peptide antibody diluted 1:1000 in blocking solution, washed for 2 h in washing buffer, and blocked again for 4 h. Samples were incubated overnight at 4°C with either donkey fluorescein-labeled anti-rabbit IgG (Diagnostics Scotland) or goat Texas Red-labeled anti-rabbit IgG (Abcam), diluted 1:250 in blocking buffer. Samples were washed at room temperature for 1 h in washing buffer, followed by incubation for 15 min each in 20, 40, 60, and 80% glycerol in 0.04 M sodium carbonate buffer, pH 9.4. Finally, tissues were mounted on a slide with Vectashield (Vector) and a coverslip sealed on with glycerol-gelatin (Sigma). Slides were viewed by epifluorescence, using fluorescein or rhodamine filter sets as appropriate.
Western Blot Analysis
Protein samples were prepared from whole tissue by homogenization in Tris lysis buffer (70 mM Tris, 2% (w/v) SDS) with protease inhibitor mixture (Sigma, P-8340). Samples were centrifuged for 10 min at 13,000 rpm at 4°C to remove debris. Supernatant was removed to a clean tube. S2 cells were pelleted by centrifugation at 1000 rpm for 2 min, washed in PBS, pelleted again, and resuspended in cell lysis buffer (50 mM Tris, pH 7.8, 150 mM NaCl, 1% (v/v) Igepal CA-630 (Sigma)) with protease inhibitor mixture (Sigma, P-8340). Cell lysates were incubated at 37°C for 10 min, vortexed, and centrifuged at 13,000 rpm for 10 min to remove cell debris. Supernatant was transferred to a new tube. Samples were run on SDS-PAGE and blotted according to standard methods. 
Expression in Escherichia coli
The LKR ORF was cloned into the pCR T7/NT TOPO TA vector (Invitrogen). The ORF was amplified using the same primers as for S2 cell expression. The construct was transformed into competent E. coli BL21/pLys cells. Single colonies were grown overnight in 5 ml of L broth, 100 g ml Ϫ1 ampicillin, 34 g ml Ϫ1 chloramphenicol at 37°C. 5 ml of culture medium were seeded with 250 l of overnight culture and grown to OD 600 0.5-0.8 at 37°C. The culture was then induced with 1 mM isopropyl-␤-D-thiogalactopyranoside and grown at room temperature for 4 h. 1 ml of cells was pelleted (13,000 rpm, 1 min) and resuspended in 150 l of lysis buffer (50 mM potassium phosphate, pH 7.8, 400 mM NaCl, 100 mM KCl, 10% glycerol, 0.5% Triton X-100, 10 mM imidazole). Cells were lysed by three cycles of freeze-thawing (freeze in liquid N 2 , thaw at 42°C) and whole cell lysate analyzed on a SDS-PAGE gel.
RESULTS
Identification of a Drosokinin
Receptor-All GPCRs were identified in the D. melanogaster genome sequence by BLAST similarity searches with known GPCRs; putative translations were deduced and assembled into a dendrogram by sequence alignment (Clustal X (22) and Treeview (23)) (Fig. 1) . Similar results have been reported elsewhere (19, 37, 38) . The two non-insect leucokinin-like receptors (from L. stagnalis (15) and B. microplus (18) ) were included in the dendrogram and were found to sit within a tightly defined clade, containing characterized examples of Drosophila tachykinin receptors (40 -42) , together with novel putative genes. As leucokinins are considered to be distantly similar to tachykinins, this was clearly the group containing the strongest candidates for a leucokinin receptor.
S2 cells were transiently transfected with both putative receptor ORFs and the apo-aequorin ORF. Only cells transfected with the CG10626 ORF responded in a dose-dependent manner to Drosokinin ( Fig. 2A) : no response was seen in cells transfected with the closely related Drosophila neuropeptide receptors that sat within the same subgroup of the dendrogram (NepYr, NPFR1, NPFR76F, Takr86C, and Takr99D; data not shown). In cells transfected with CG10626, intracellular calcium levels were seen to increase from basal levels of 60 to 400 nM, a 5-fold increase. The calcium response is biphasic in nature, with an initial large calcium rise followed by a rapid exponential decay with evidence of a secondary response between 20 and 60 s post-stimulation. The initial response gave a sigmoidal dose-response curve with an EC 50 value of 4.3 Ϯ 0.16 ϫ 10 Ϫ11 M (Fig. 2B) . The nature of this response and the EC 50 value are comparable with that of the effect of Drosokinin on intact Malpighian tubules (EC 50 approximately 1 ϫ 10 Ϫ10 M) (7) . As controls, CG10626/apo-aequorin co-transfected cells also did not respond to the Drosophila diuretic neuropeptide CAP 2b , nor did cells transfected with apo-aequorin alone respond to Drosokinin. Western blot analysis using an anti-aequorin antibody (Covalab) confirmed that the aequorin protein was strongly expressed in S2 cells when expression of the transgene was induced (data not shown). It is thus clear that CG10626 encodes a functional leucokinin receptor. Accordingly, we renamed CG10626 as Drosokinin receptor (DLKR).
Characterization of the DLKR Gene-The DLKR gene is localized at 64E1 on chromosome 3L, the open reading frame encoding a 540-amino acid protein, which has an estimated molecular mass of 60.6 kDa.
The CG10626 ORF nucleotide sequence was used in a BLAST search against the Drosophila expressed sequence tag data base to identify a cDNA clone, RE03009, from the Riken embryo library (43) . This clone was obtained from Research Genetics and sequenced in full on both strands (BaseClear). Sequencing of the insert suggests the clone contains the full mature transcript of this gene (Fig. 3A) . This is a 2930-bp transcript containing the coding sequence (1626 bp), a 539-bp 5Ј-untranslated region and a 768-bp 3Ј-untranslated region. The sequence contains a perfect consensus sequence for the initiation of transcription (TCAGTT) beginning with the A at ϩ1. There are two in-frame ATG start codons 6 bp apart, although the first does not have as good a consensus sequence for translational initiation, and so it is presumed the later ATG is used. A polyadenylation signal is also present within the 3Ј-untranslated region of the sequence (AATAAA, 26 bp from poly-adenylation site). The full transcript contained within RE03009 spans two genomic scaffolds, AE003565 and AE003566, a total of 16.9 kb containing 8 exons in all. No P-element insertion lines are available in the region of this gene. There is no TATA box consensus, but there is a perfect downstream promoter element promoter consensus sequence at sites ϩ24 (G) and ϩ28 -33 (GGTTGT). The majority of this genomic sequence (Fig. 3B) is comprised of a 10.7-kb intron between exons 1 and 2, which is prior to the ATG start codon so is suggestive of the presence of enhancer sequences within this large intron. In fact, using the cis-analyst tool there is a tight cluster of seven Drosophila transcription factor binding sites predicted within this intron (Fig. 3B) .
The DLKR Protein Is N-Glycosylated and Found in Multiple Tissues-Western blot analysis using an anti-CG10626 peptide raised antibody identified a single major band in both Drosophila Malpighian tubules and DLKR-expressing S2 cells (Fig.  4A ). This band was heavier than the predicted size of 60.6 kDa for DLKR protein, migrating at about 70 kDa, and the tubule band was consistently a doublet, implying that the receptor is modified more extensively in this tissue than in cell lines. This is indicative of post-translational modifications, such as glycosylation or myristoylation. There are three potential N-glycosylation sites within the protein sequence of CG10626, at Asn 183 , Asn 187 , and Asn 197 , within the putative second extracellular loop, all with the consensus sequence N-X-S/T (Fig.  3A) . This is consistent with the sites of glycosylation observed in the immature Drosophila rhodopsin protein (33) . Glycosylation is known to occur to several neuropeptide receptors and can significantly increase the molecular weight of a native protein (up to or above 5 kDa per site) by the addition of carbohydrate side chains. The majority of glycosylation is via N-linking to Asn, and this is also the type of glycosylation that contributes the majority of any weight increase. Accordingly, treatment of tubule protein with peptide:N-glycosidase F, an enzyme that removes N-linked carbohydrate chains, revealed a lower molecular weight band by Western blot analysis (Fig.  4B) . In E. coli, where expressed proteins are not glycosylated, the cDNA gave a product of the calculated size of 60 kDa (Fig.  4C) , implying that eukaryotic-specific post-translational modifications were responsible for the higher molecular masses seen in Drosophila cells and tissues (Fig. 4A) .
Analysis of the levels of the LKR protein in different tissues reveals that there is far greater expression in larval brain than adult brain (Fig. 4D) . Likewise, there is slightly higher expression in the larval tubule than adult, although the converse is true for hindgut. Unexpectedly, there is also significant expression in adult testes and ovary.
Intron-spanning primers were designed to the CG10626 sequence and used for RT-PCR analysis of various tissues and developmental stages (Fig. 5) . A distinct fragment of the correct size (360 bp) was detected in each sample. This suggests that this gene is widely expressed throughout all developmental stages, in both male and female, and in multiple tissues, all consistent with the Western blot analysis.
Immunocytochemistry with anti-DLKR antibody shows that, within the Malpighian tubules, the protein is only present in the secondary stellate cells and appears to be concentrated to the basolateral membrane, as would be expected for a hormone receptor (Fig. 6, A and B) . The protein is also present in larval and adult central nervous system. In larval central nervous system, cell bodies stain brightly in the pars intercerebralis between the two lobes of the brain; there is also extensive staining in the neuropil (Fig. 6, C and D) . Extensive dendritic fields are labeled as well as somata. Staining in the adult central nervous system is more restricted, only brightly staining cell bodies in the pars intercerebralis of the adult brain (Fig.  6E) . This is in an area of the brain where the release of neurohormones is known to occur (34) . Previous data have emphasized the role of Drosokinin as a hormone acting in peripheral tissue; these results show that there are also multiple targets throughout the central nervous system. chromosome 3L. The neighbors of CG10626 are CG13285 upstream and CG10629 downstream; all these predicted genes are of unknown function. All genes in this region are on the negative strand. The genomic sequence for CG10626 is contained in the genomic scaffold (GenBank TM accession numbers AE003565 and AE003566). Exons and introns are drawn to scale, lengths are marked in bp, and intron sizes are bracketed. The transcription factor binding site cluster is predicted by the cis-analyst tool (29) . Binding sites predicted are for suppresser of Hairless (Su(H)), kruppel (Kr), knirps (kni), ftz transcription factor 1 (ftz-f1), fushi tarazu (ftz), and caudal (cad). There are no other similar clusters within this region. RT-PCR was performed on staged embryo; male and female larvae, pupae, and adult; larval, pupal, and adult tubules; head, hindgut, testes, and ovary cDNA; and genomic DNA. The negative control contained primers, but no template. The expected fragment sizes for cDNA and genomic are 360 and 1693 bp, respectively, sized using a 1-kb DNA ladder (Invitrogen); accordingly, authentic cDNA could be distinguished from genomic DNA by product size.
Novel Functional Roles for DLKR-It has already been shown that Drosokinin acts through intracellular calcium in the Malpighian tubule (7, 20) . However, our results showed DLKR to be widely expressed, both in known (hindgut), plausible (brain), and unknown (testes, ovary) targets of leucokinin signaling. It was thus important to establish whether there was a functional correlate of this expression. Measurements of intracellular calcium in whole tissues confirmed DLKR protein was functional in larval central nervous system, and in adult hindgut, testes, and ovary (Fig. 7) . In all cases, there is a biphasic response, with a prolonged second phase; in some tissues, the initial rapid response is almost undetectable. These increases are significant, but can only be taken as quantitative in tubules, where a GAL4 driver is available with a perfect match to the expression pattern of DLKR. In brain hindgut, testes, and ovary, the heat-shock promoter causes ubiquitous expression of the aequorin reporter, but the fraction of cells responding to Drosokinin is unknown. Nonetheless, this effect could only cause an underestimation of the calcium response and does not compromise the significance of the result.
DISCUSSION
The leucokinin family of insect diuretic peptides has attracted great interest, both from a basic scientific viewpoint, and as possible lead compounds for insecticide development. However, although a plausible insect candidate had been identified (18, 19) , this was based on an asserted distant similarity of the snail neuropeptide (which did not perfectly match the canonical leucokinin SWGamide C-terminal), to the insect peptide family (Fig. 1) , and there was no supporting functional evidence for this assignment. Here, we have shown that of the GPCRs that were closely similar both to lymnokinin and other tachykinins, only a single gene within the whole Drosophila genome, CG10626, really is a leucokinin receptor. The functional properties of the receptor, when expressed heterologously in cell lines, are so similar to those we have previously inferred from physiological studies of leucokinin action on the Malpighian tubule that we are confident that we have obtained the cognate receptor. This does not, of course, exclude the possibility that further leucokinin receptors are among the other 100 or so GPCRs in the Drosophila genome. However, multiple receptors for given ligands, even where they act through different FIG. 6 . Immunocytochemical localization of the DLKR protein.
Tissues were stained with rabbit polyclonal anti-DLKR peptide antibody, raised as described in the text. Fluorescein or Texas Red secondary antibodies were used to visualize staining. The epitope (GIYNGSS-GQNNNVN) is located in the intracellular C-terminal domain of the predicted protein sequence. A, adult Malpighian tubule. Fluorescence microscopy of immunostained whole mount tubules revealed staining only in the secondary stellate cell type, concentrated to the basolateral membrane. No staining was seen in the principal cell type (for scale, tubule diameter is ϳ35 m). Magnification: ϫ200. B, Adult Malpighian tubule-preimmune serum. Tubule was processed and exposed as for A, but with preimmune serum, confirming the specificity of the antibody. C, larval central nervous system. Fluorescence microscopy of immunostained whole larval central nervous system revealed staining in specific cell bodies within the pars intercerebralis as well as extensive staining in neuropil, dendritic fields, and somata. Magnification: ϫ200). D, larval central nervous system at different focal plane. Prominent groups of cells in the pars intercerebralis are evident. Magnification: ϫ500. E, adult central nervous system. Fluorescence microscopy of immunostained whole adult central nervus system revealed more limited staining, confined to six brightly labeled cell bodies within the pars intercerebralis. Magnification: ϫ200. F, adult central nervous systempreimmune serum. Central nervous system was prepared and stained as for C and D, except that preimmune serum was used, confirming the specificity of the antibody. second messengers, tend to co-segregate within the dendrogram (e.g. serotonin receptors; Fig. 1 ), so we think that the possibility of there being other receptors in this species is remote. Now that the functional similarity between leucokinin-like receptors in snail, tick, and insect has been established, we can also infer that leucokinin signaling is phylogenetically widely distributed among invertebrate phyla.
Leucokinins were originally characterized as affecting hindgut motility. Consistent with this, the receptor is expressed in the hindgut. Stimulation of circular muscles in the hindgut would lead to an increase in peristalsis, as originally reported in L. maderae hindgut (2) . However, in this paper, we have identified two areas of gene expression, by RT-PCR or immunocytochemistry, that had not previously been expected. The first is an extensive staining of the central nervous system, particularly in areas associated with neuropeptide secretion, and the second is in both male and female genital tracts. Expression in both of these domains is functional, as we were able to show significant stimulation of calcium upon leucokinin application. This is thus the first demonstration that leucokinins act on the insect genital tract and may be of significance in fertility or in the peristaltic transfer of sperm or eggs.
However, the tissue in which leucokinin signaling has been characterized in most detail is in the Malpighian tubule. In Drosophila, the EC 50 for stimulation of fluid production has previously been shown to match that for elevation of intracellular calcium, and leucokinin was additionally shown not to raise tubule cAMP or cGMP, allowing calcium to be identified as the second messenger (7). Here, we showed that the EC 50 for the heterologously expressed receptor is exactly concordant with these previously determined values. We are thus confident that the action of Drosokinin on Malpighian tubules can be explained by its interaction with the receptor we have characterized here.
Leucokinins are known to stimulate fluid production by increasing the chloride shunt conductance through the epithelium. Other workers have ascribed this to paracellular pathways in other Diptera (39) . However, we have shown the presence of high conductance chloride channels in tubules and have demonstrated that chloride current hotspots invariably map to stellate cells (16) . Additionally, we used tubules in which aequorin had been targeted specifically to either principal cells or stellate cells to show that only the latter responded to calcium by an increase in intracellular calcium (7) . Consistent with this, our data show that the Drosokinin receptor is expressed only in stellate cells. We can thus now be very confident that, in Drosophila at least, leucokinin acts by raising calcium in only stellate cells and that this is sufficient to activate chloride shunt conductance. Now that a prototypic insect leucokinin receptor has been identified and characterized in detail, the scope of this model in other Diptera and other insect orders should be easy to establish.
